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hypoxic pulmonary vasoconstriction; computed tomography of the lung; functional computed tomography REGIONAL INHOMOGENEITY of the density of the lung parenchyma on high-resolution computed tomography (CT) has been described as a mosaic pattern (36) . The mosaic pattern of lung attenuation on high-resolution CT has recently been documented in pulmonary vascular disease (1, 21, 33, 43) and may also be prominent in obstructive airway disease, especially in acute asthma (26) , constrictive obliterative bronchiolitis (16) , and bronchiectasis (14) . In pulmonary vascular disease, such as chronic pulmonary embolism or primary pulmonary arterial hypertension, the term ''mosaic perfusion'' is appropriate because a vasculopathy is the underlying cause of the high-resolution CT pattern (1, 21, 33, 43) . However, in obstructive airway disease there are three components that determine lung density: lung tissue, blood vessels, and air. On expiratory images, the mosaic pattern of lung attenuation caused by airway obstruction is accentuated, but areas of decreased attenuation frequently are also detectable on images obtained in full suspended inspiration (36) . Regional overinflation and hypoxic pulmonary vasoconstriction are the most likely explanations for the mosaic pattern of lung attenuation. However, the relative contribution of these two mechanisms have not been formally evaluated in obstructive airway disease.
CT densitometry of the lungs is reproducible and accurate and has been applied to the investigation of different lung pathologies (19, 20) . However, lung density is variable because of gravity dependence and effects of respiration (38) . A functional CT study of change in lung density after bronchoprovocation in asthmatic subjects provides an ideal model for evaluating the mechanism of the mosaic pattern of lung attenuation because it has been shown to be reversible in acutely induced airway obstruction (10) . Thus it is possible to manipulate rapidly reversible hypoxic vasoconstriction by administering oxygen and to control for changes in lung inflation so as to investigate the relative contributions of both factors. We therefore evaluated density change in hypodense regions in relation to increasing oxygen dosage, with and without correction for global lung density that reflects global lung inflation.
MATERIALS AND METHODS
Subjects. Twenty-two adult asthmatic volunteers were recruited through the Clinical Studies Unit, National Heart and Lung Institute, Imperial College, at Royal Brompton Hospital. Approval for the study was given by the local Ethics Committee. The volunteers were asymptomatic and on no medication on the day of the study and gave informed consent. Subjects were randomized into three groups after a methacholine challenge: group A, breathing room air without a mask or any other device (n ϭ 8); group B, breathing room air supplemented by oxygen at a flow rate of 5 l/min via nasal cannulas (n ϭ 8); and group C, breathing a high concentration of oxygen via face masks at a flow rate of 12 l/min (n ϭ 6). The oxygen was administered to the subjects sitting in an upright position for 20 min after the first CT and in a supine position during the second CT for a further 10 min (Fig. 1) The costs of publication of this article were defrayed in part by the payment of page charges. The article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
The timing of the CT examinations and their relationship to the metacholine challenge, FEV 1 measurements, and oxygen administration are summarized in Fig. 1 .
Bronchial challenge. A standard bronchial challenge was performed with methacholine (Sigma Chemical, Poole, Dorset, UK) administered via a nebulizer (Dosimeter MB3, Mefar, Bovezzo, Italy) in increasing doubling concentrations, starting at 0.0625 mg/ml. The subjects were asked to avoid physical exercise and bronchodilator drugs for 24 h before the challenge. A first baseline assessment of FEV 1 was performed with a spirometer (Vitalograph, Buckingham, UK) before and after the subject had inhaled five breaths of saline-control. The decrease in FEV 1 during the methacholine was monitored after each dose of methacholine until a Ͼ40% fall in FEV 1 from the postsaline baseline value was achieved. In one patient in group C, the challenge had to be limited to a fall in FEV 1 of only Ͼ30% because of a low prechallenge FEV 1 . The log concentration of methacholine, measured in mg/ml, needed to cause a 20% decrease in FEV 1 was calculated by linear interpolation of the log dose-response curve. Before the subjects left the department after the second CT examination, their FEV 1 had to have returned to within 5% of the presaline baseline. A short acting ␤-agonist was administered by a metered dose inhaler if necessary.
CT. Images were obtained with an electron-beam CT (Imatron, San Francisco, CA) with a scan-acquisition time of 200 ms. Scanning and reconstruction parameters were 130 kV, 630 mA, 30-cm field-of-view, 1.5-mm section thickness, 512 ϫ 512 matrix size, and high-spatial-frequency reconstruction algorithm. The first CT was performed immediately after the bronchial challenge and consisted of three adjacent sections obtained at the level of the carina (upper zone) and 4 cm above the dome of the right hemidiaphragm (lower zone). The images were obtained at suspended full inspiration, with a 5-mm gap between the three sections obtained at each level. The second CT followed 20 min later (Fig. 1) . To obtain comparable sections for the second examination, volume aquisitions centered around the central section of the initial scan in each of the two zones were performed (n ϭ 7 slices; covered volume 10.5 mm) at suspended full inspiration. Each CT examination was performed within ϳ10 min.
Image analysis. Matching sections of the first and the second CT scans were obtained by comparing anatomic landmarks, and each lung was considered separately. The selected image sets were transferred to a workstation (Sun Microsystems, Mountain View, CA). Postprocessing was applied to outline the lungs and remove pulmonary vessels and bronchial walls. This was achieved by thresholding the vessels and bronchi at a value of Ϫ400 Hounsfield units (HU). To minimize the effects of partial volume averaging, mathematical morphology tools were applied to remove pixels immediately adjacent to thresholded areas (Fig. 2) . The lungs were divided into anterior, middle, and posterior regions, each comprising a third of the anterior-posterior diameter of the lung. In both the upper and the lower zones, a set of six density measurements was obtained for each lung and each region by using a circular region of interest (ROI) with a diameter of 10 pixels (6 mm). The ROIs were placed on the images of the first CT in areas judged to be of decreased attenuation (ROI hypodense ) and areas of increased attenuation (ROI dense ) of the mosaic pattern (Fig. 2) . For the measurements on the second CT images, the ROIs were placed at near-identical sites according to anatomic landmarks. The window setting for selecting the ROIs was Ϫ800/1,000 (window level/width). The percent density differences [(ROI CT2 Ϫ ROI CT1 )/ROI CT1 ] were calculated for ROI hypodense and ROIdense.
As a global measurement of density alterations between the first and the second CT, histograms were obtained from the postprocessed images for both lungs in each zone. The The regional density changes in ROI hypodense were corrected for global density changes by subtracting the density alterations measured by histogram mean to separate regional from global density changes. This additional parameter was abbreviated as ROI hypodense-corrected , and its calculation was based on the average density change in all ROI hypodense of both lungs in each zone separately.
To take account of the influence of the lung volume on the results of the density measurements, cross-sectional areas of the lungs were calculated on the first and the second CT scans. Postprocessed images were used to assess the crosssectional area of the lung tissue excluding pulmonary vessels.
Statistical analysis. For statistical evaluations, nonparametric tests of significance for unpaired data (Mann-Whitney U-test, Kruskal-Wallis test), nonparametric tests of correlation (Spearman rank correlation coefficient), and bivariate analysis were used. Bivariate linear regression models (23) were constructed to evaluate whether oxygen doses and changes in cross-sectional area were independent determinants of CT density increases. The validity of the assumptions of linear regression were confirmed by testing for omitted variables (none identified, P Ͼ 0.20 for all analyses) and heteroscedasticity (P Ͼ 0.20). P Ͻ 0.05 was considered statistically significant. All analyses used percent change from baseline.
RESULTS
The median fall in FEV 1 from the postsaline baseline was 48.1, 45.02, and 49.42% in groups A, B, and C, respectively (Table 1) . In all subjects, FEV 1 spontaneously recovered after the challenge. The median percentage of FEV 1 recovery was comparable in all groups ( Table 1 ). The recovery of FEV 1 was not related to density changes in ROI hypodense (R S ϭ 0.07).
The increase in mean density in ROI hypodense on serial CT was greatest in group C and greater in group B than in group A (P ϭ 0.04) (Fig. 3) ; this finding remained significant in lower zone ROI hypodense (P ϭ 0.03) (Fig. 4 , Table 2 ) but not in upper zone ROI hypodense (P ϭ 0.29). As shown in Figs. 3 and 4, these trends were almost entirely due to increases between groups A and B, with little further increase in group C; on the basis of this finding, data from groups B and C were combined in subsequent bivariate analyses. In the lower zone, histogram mean increased most in group C and more in group B than in group A, with the difference between groups A and C reaching statistical significance (P ϭ 0.03) (Table 3) . Correspondingly, histograms of the frequency distribution of lung attenuation in the lower zone were shifted to the right for groups B and C, but there was no overt density increase in group A (Fig. 5,  A-C) .
When the density change peculiar to ROI hypodense was calculated (ROI hypodense-corrected ), it was higher in group B than in group A (P Ͻ 0.002), and in group C than in group A (P Ͻ 0.02). In the lower zone, density increased in group C and more in group B than in group A (P Ͻ 0.005); upper zone changes were not statistically significant. By contrast, density change in ROI dense did not differ significantly among the three groups. 
MOSAIC ATTENUATION ON CT
The cross-sectional area of the lung decreased most in group C (upper zone: median Ϫ13%; range Ϫ15.40 to Ϫ0.89%; lower zone: median Ϫ13.4%; range Ϫ16.66 to 1.95%), and more in group B (upper zone: median Ϫ4.2%; range Ϫ13.28 to 3.36%; lower zone: median Ϫ1.8%; range Ϫ20.66 to 40.93%) than in group A (upper zone: 2.2%; range Ϫ23.94 to 13.88%; lower zone: median 2.7%; range Ϫ19.25 to 35.08%). Change in crosssectional area correlated strongly with change in density in ROI hypodense (combined zones R S ϭ Ϫ0.71, P Ͻ 0.0005) (Fig. 6 ) (upper zone R S ϭ Ϫ0.61, P Ͻ 0.005; lower zone R S ϭ Ϫ0.77, P Ͻ 0.00005) (Fig. 7) , with change in histogram mean (combined zones R S ϭ Ϫ0.70, P Ͻ 0.0005; upper zone R S ϭ Ϫ0.58, P Ͻ 0.005; lower zone R S ϭ Ϫ0.89, P Ͻ 0.00005) and with change in density in ROI dense (lower zone R S ϭ Ϫ0.76, P ϭ 0.0005).
On bivariate analysis, density increase in ROI hypodense , if both upper and lower zone were taken together, was positively related to decrease in cross-sectional area (P Ͻ 0.0005) and to increasing inspired oxygen dosage (P ϭ 0.01), equation R 2 ϭ 0.71. Density increase in lower zone ROI hypodense was also positively and independently related to both decrease in cross-sectional area (P Ͻ 0.005) and increasing inspired oxygen dosage (P Ͻ 0.005), equation R 2 ϭ 0.77. Furthermore, increasing oxygen concentration was the sole determinant of density increase in ROI hypodense-corrected both in upper and lower zone taken together (P ϭ 0.02) and in lower zone regarded separately (P Ͻ 0.001).
DISCUSSION
High-resolution CT has recently been used to elucidate several pathophysiological phenomena in the lungs (4, 17, 18, 24, 42) , particularly the response of the macroscopic airways to various bronchoactive stimuli (12, 12a, 29) . The striking heterogeneity of the constrictive airway reaction has been attributed to local mechanisms in the airways and is largely independent of the route of administration of histamine (5) . The lung density alterations visible on CT images after experimentally induced bronchoconstriction correspond to the mosaic pattern of lung attenuation observable in other airway diseases, such as acute spontaneous asthma, constrictive bronchiolitis, bronchiectasis, and hypersensitivity pneumonitis (14) (15) (16) 26) . There appears to be a good correlation between recovery of FEV 1 and regression of the mosaic pattern on expiratory CT images after drug-induced bronchodilation; the underlying cause of the decreased attenuation on expiratory CT images has been ascribed to air trapping (10) , implying that an increased residual volume at end expiration causes compression of alveolar capillaries and thus a reduction in perfusion, as well as an increased proportion of gas within each voxel. However, it has not been clear whether the same mosaic pattern on inspiratory CT images is due to hypoxic pulmonary vasoconstriction (41) or air trapping, causing mechanical pressure on blood vessels (36) . The latter has been regarded as the predominant mechanism of the hypertransradiant lung caused by central airways obstruction (13) .
We have shown that for all regional and global measurements, with the exception of ROI dense , a significant density increase occurs in subjects breathing oxygen. Confirmation of the effect of oxygen was provided by bivariate analysis, which showed an independent relationship to the density measurements in ROI hypodense . Furthermore, oxygen concentration was the sole determinant for ROI hypodense-corrected . Thus hypoxic pulmonary vasoconstriction contributes to the regional hypodense areas of the mosaic pattern of lung attenuation on inspiratory CT images. In long-standing, irreversible airway disease, hypoxic vasoconstriction is likely to be fixed due to vascular remodeling (35) ; thus a model of induced acute airway obstruction is best suited to investigate the influence of hypoxic pulmonary vasoconstriction on the mosaic attenuation pattern because of its reversibility. Furthermore, in irreversible small airway disease caused by constrictive obliterative bronchiolitis, increased total lung capacity can cause a global decrease in lung density (16) .
The effect of oxygen administration on hypoxic pulmonary vasoconstriction was most pronounced in the dependent parts of the lungs. This is in accordance with previous functional CT studies that have shown that, after a methacholine challenge, the attenuation shift toward lower density values is most marked in the dependent lung regions (12, 24, 27) . The same applies to the attenuation decrease after a hypoxic challenge, which has been reported to be significant only in the middle and posterior parts of the lungs (18) . In addition to this gradient effect, there was a greater density increase in the lower zones compared with the upper zones. It seems probable that this phenomenon also reflects the gravity-dependent increased perfusion of the more dependent lung: the greater vertical distance in the lower zones (in the recumbent position) results in relatively more perfusion and a potentially greater vasoconstrictor response to the methacholine-induced bronchoconstriction.
Because respiratory gating was not used in our study, a possible influence of different degrees of inspiration on the density measurements has to be considered, even with cooperative volunteers (19) . Cross-sectional area of the lungs decreased during the second CT examination in subjects breathing oxygen via nasal cannulas; this was even more pronounced in subjects who were administered oxygen via face masks. This phenomenon was also reflected by the curves representing the frequency distribution of lung attenuation and affected predominantly the lower zone of the lungs (Fig. 5, A-C) . The changes in cross-sectional area correlated with regional (ROI hypodense and ROI dense ) and global (histogram mean ) density alterations. However, because the density increase within hypoattenuating areas of the mosaic pattern was more pronounced than the overall shift of the histograms toward higherdensity values, there was no correlation between the decrease in the cross-sectional area of the lungs and ROI hypodense-corrected . Therefore, the decrease in crosssectional area had an independent effect on the global lung density measurements and on the hypoattenuating and dense areas of the mosaic pattern and was distinct from the effect of the oxygen administration. The predominance of this effect in the lower lung zones is in keeping with the previously reported observation that changes in lung volume affect the density of the lung in dependent regions more than in nondependent parts of the lungs (38) . In our study, the mode of administration of oxygen seemed to be related to the degree of decrease in cross-sectional area of the lungs. This might be explicable by the method of oxygen delivery causing an alteration in the breathing pattern or total lung capacity of the subjects. Although a significant increase in total lung capacity has been reported in acute spontaneous asthma, this does not occur in induced asthma attacks (3, 22, 30) . Similar effects of oxygen in patients with chronic obstructive pulmonary disease have been described (6, 9, 37) . These changes have been attributed to a decrease in the hypoxic drive, resulting in a decrease in minute ventilation, thus causing a delay of ventilatory muscle fatigue and an altered respiratory muscle recruitment pattern (6, 9, 37) . Interactions between changes in the breathing pattern and the degree of inspiration might therefore be a further explanation.
A potential source of measurement error relates to the positioning of the ROIs on the images of the first and second CTs. Exactly comparable positioning was not possible because the ROIs could not be automatically maintained between scans. The influence of major pulmonary vessels on the density measurement within ROIs was minimized by applying a threshold postprocessing, which eliminated pixels with density values less than Ϫ400 HU and pixels immediately next to them. Thus the image postprocessing allowed a greater choice for the positioning of ROI measurements. The usefulness of an automatic ROI maintenance program on nonpostprocessed images is limited because larger anatomic landmarks (pulmonary vessels) are relatively fixed, whereas smaller vessels are more liable to appear inconstantly in ROIs on serial CT images (18, 24) .
Oxygen administration is a potent method of reversing hypoxia in acute asthmatic attacks. The intraalveolar concentration of oxygen achieved by the methods of oxygen administration used in this study is unknown because there is no noninvasive technique for assessing the regional alveolar oxygen concentration. The oxygen concentration supplied by low-flow devices, such as nasal prongs, is variable and depends mainly on minute ventilation. By applying an oxygen flow rate of 5 l/min through nasal prongs, a 10-15% increase in the oxygen concentration in the inhaled air is usually assumed (25) . With simple oxygen masks without rebreathing bags or entrainment ports, oxygen concentrations as high as 55-65% can be achieved at a flow rate of 12 l/min (25) . Hypoventilated areas distal to severely constricted bronchi or bronchioles are usually supplied by collateral ventilation. An increase in the endexpiratory volume has been shown to reduce the resistance of the collateral ventilatory system in normal humans (8) . After methacholine challenge, a reverse effect has been described in dogs: methacholine causes constriction of the collateral pathways, but the time constant for the collateral ventilation does not change (34) . The lack of a significant intrapulmonary shunt is a further indication of the efficacy of the collateral ventilation in acute asthma (32, 40) . Given the duration and flow rates of the oxygen supply in the present study, and the effectiveness of the collateral ventilatory system, it seems reasonable to assume that sufficient intra-alveolar oxygen concentration was achieved even in severely bronchoconstricted regions of the lungs.
The basic mechanism of hypoxic pulmonary vasoconstriction has been studied in cats, and it is thought to be the key physiological mechanism for maintaining ventilation-perfusion homogeneity in underventilated parts of the lung to minimize arterial hypoxia (11) . The hypoxic vasoconstrictive response occurs within 1-2 min and is reversible in Ͻ1 min after alveolar hypoxia has been relieved (28) . Therefore, if a sufficient intraalveolar oxygen concentration is achieved, the vascular response should be detectable almost immediately in induced acute airway obstruction. In an earlier study, after an initial drop in FEV 1 after methacholine, there was a plateau with a mean duration of 74.6 Ϯ 53.7 (SD) min and a consecutive recovery phase of 56.7 Ϯ 38.3 min (7). In our study, a plateau phase was not as obvious, possibly because of the relatively long intervals between FEV 1 measurements. However, severe airflow obstruction was present at the end of the study protocol and, equally importantly, there was no significant difference in the recovery rate among the three groups. In addition, the recovery of FEV 1 showed no correlation with the measurable density increase. This is in agreement with previous studies, in which discrepancies between FEV 1 measurements and parameters of gas exchange and peripheral resistance in asthmatic subjects have been demonstrated (31, 39, 40) . In these studies, recovery of gas exchange did not parallel recovery of FEV 1 . Furthermore, the peripheral resistance remained elevated despite a return to normal FEV 1 values after an acute asthmatic attack (31, 39) . Thus the mosaic pattern of lung attenuation most likely reflects abnormalities of the smaller peripheral airways.
In summary, we have shown that hypoxic pulmonary vasoconstriction is a major determinant of the hypodense areas of the mosaic pattern of lung attenuation on CT in acute airway obstruction.
